Abstract To better understand long-term flare activity, we present a statistical study on soft X-ray flares from May 1976 to May 2008. It is found that the smoothed monthly peak fluxes of C-class, M-class, and X-class flares have a very noticeable time lag of 13, 8, and 8 months in cycle 21 respectively with respect to the smoothed monthly sunspot numbers. There is no time lag between the sunspot numbers and M-class flares in cycle 22. However, there is a one-month time lag for C-class flares and a one-month time lead for X-class flares with regard to sunspot numbers in cycle 22. For cycle 23, the smoothed monthly peak fluxes of C-class, M-class, and X-class flares have a very noticeable time lag of one month, 5 months, and 21 months respectively with respect to sunspot numbers. If we take the three types of flares together, the smoothed monthly peak fluxes of soft X-ray flares have a time lag of 9 months in cycle 21, no time lag in cycle 22 and a characteristic time lag of 5 months in cycle 23 with respect to the smoothed monthly sunspot numbers. Furthermore, the correlation coefficients of the smoothed monthly peak fluxes of M-class and X-class flares and the smoothed monthly sunspot numbers are higher in cycle 22 than those in cycles 21 and 23. The correlation coefficients between the three kinds of soft X-ray flares in cycle 22 are higher than those in cycles 21 and 23. These findings may be instructive in predicting C-class, M-class, and X-class flares regarding sunspot numbers in the next cycle and the physical processes of energy storage and dissipation in the corona.
Introduction
Since the 11-year period of the solar cycle was discovered by Schwabe (1844) , the long-term activity of the solar cycle has become a hot issue in the field of solar physics. Sunspots are taken as the most famous and typical indicators of solar activity. Sunspot activity has complex spatial and temporal behavior. Carrington (1858, 1859) investigated a drift latitude of sunspot motion towards the equator and a variation of the rotation rate of the Sun. Hathaway et al. (2003) examined the drift of the centroid of the sunspot area toward the equator in each hemisphere from 1874 to 2002 and found that the drift rate slows as the centroid approaches the equator. The distribution of sunspots and flares in a solar cycle exhibits a "butterfly diagram" (Carrington, 1858 , Maunder 1904 , 1913 Garcia 1990; Li et al. 2003) and the cycle appears uniformly in both hemispheres on average (Newton & Milson 1955; White & Trotter 1977 ).
Sunspot activity is described by sunspot numbers and sunspot areas in general. Consequently, the sunspot numbers and sunspot areas are used to investigate long-term solar activity (Li et al. 2009 ). Because of the periodicity of sunspot activity (sunspot numbers and sunspot areas), the associated eruptions (flares, CMEs) appear to have the similar periodicity to that of sunspot activity (Storini & Hofer 1999) . In addition, the soft X-ray flares were significantly delayed with respect to sunspot numbers, with a time lag of two to three years between the peak times in solar cycle 21 (Wagner 1988; Aschwanden 1994 , Bromund et al. 1995 . However, Wilson (1993) did not find evidence for a time lag between the maxima of the rates of optical flares and X-ray background flux in solar cycle 22. Wheatland & Litvinenko (2001) found that there is an average delay of about 6 months considering cycles 21 and 22 together by using correlation analysis. For the cycle 23, Tan (2010) compared the sunspot numbers with the distributions of the appearance rate of solar GOES flares. They found that there is a time lag between the maximum value of sunspot numbers and the maximum values of the annual numbers of C-class, M-class, and X-class flares. The annual averaged relative sunspot number reaches its maximum in about 2000 and the annual numbers of C-class, M-class, and X-class flares reach their maxima in about 2001 , 2001 , and 2002 respectively. Temmer et al. (2003 found that there is a characteristic time lag between flare activity and sunspot activity in the range of 10-15 months for solar cycles 19, 21, and 23 by using the number of the flares in each month.
In order to investigate all kinds of long-term flare activity, the flare index calculated by T. Atac and A. Ozguc from Bogazici University Kandilli Observatory and the daily soft X-ray flare index defined by Antalová (1996) are two main flare indices in the present research. For instance, Li et al. (2010) found that the northernhemispheric flare activity should lead the southernhemispheric flare activity for low-frequency components by using the former flare index. Joshi et al. (2004) reported a real north-south asymmetry during solar minimum and obtained the significant periods of approximately 28.26 days, 550.3 days, and 3.72 years by using the latter flare index.
In this paper, we focus on the three solar cycles (21, 22, and 23) to investigate the phase relation between sunspot numbers and flare activity (C-class, M-class, and X-class flares) by using a flare index, which is similar to Antalová (1996) .
Observations and method
The data used in this paper are as follows:
1. The monthly mean northern and southern hemispheric sunspot numbers from January 1945 to December 2004 were compiled by Temmer et al. (2006) There is an overlapping time span from January 1992 through December 2004 with the first sunspot data. The first group of data generally matches the second group (for details, see Temmer et al. 2006) . In this paper, we extracted the sunspot numbers from May 1976 to May 2008 as our samples.
2. The soft X-ray flares were downloaded from NGDC (f tp : //f tp.ngdc.noaa.gov/ST P/SOLAR DAT A /SOLAR F LARES/F LARES XRAY /).
In this paper, we adopted the peak fluxes of soft X-ray observed by GOES 1-8Å as the defined flare flux when one flare occurred. Afterwards, we summed monthly peak fluxes of the defined flares (C-class, Mclass, or X-class flares) as a flare index. The equations are as follows:
(1)
In the above equations, C i , M i , X i indicate all sublevels of C-class, M-class, X-class flares (e.g., For Cclass flares, the sub-level flares (C i ) are C1.0, C1.1, C1.2, · · · · ··, and so on.). "i" is given as a float number with one decimal (prior to 1980 April 27, "i" is listed as an integer.). The value of "i" is 1, 1.1, 1.2 · · · · ··, j. For C-class and M-class flares, the value of "i" is no more than 9.9. n i denotes the monthly numbers of sub-level flares (e.g., n 5 denotes the monthly numbers of C 5 , M 5 or X 5 .). F C , F M , and F X indicate the monthly peak fluxes of C-class, M-class, and X-class flares. This method is the same as the flare index (FI) defined by Antalová (1996) and used by Joshi et al. (2004) . The unit of the peak flux is erg·cm −2 ·s −1 . As weak soft X-ray flares can not be detected during times of high activity (Feldman et al. 1997; Veronig et al. 2002) , we discarded the classification of soft Xray flares lower than C1.0 to remove the effect of the variation of soft X-ray background radiation. 1986 -March 1996 , and cycle 23 (April 1996 -May 2008 . The monthly flare numbers of C-class, M-class, and X-class flares have obvious periodical variability as well as sunspot numbers (see fig.  1 ). However, different flares have different peak intensities of soft X-ray flux. For instance, the peak flux of an X3.0 flare is 100 times larger than that of C3.0 flares. For M-class flares, the difference of the peak flux is about 10 times from M1.0 to M9.9. Considering the physics, we summed the monthly peak fluxes of all the sub-class flares of the same type flares. Detailed calculations can be seen from the equations in section 2. From table 1, the numbers of C-class flares are larger than that of M-class and X-class flares in each cycle. However, the total peak fluxes of the C-class flares are lower than those of M-class flares in cycles 21 and 22. (Fig. 2e) . To show the systematic time-lag (or time-lead) between the monthly peak fluxes of C-class, M-class, X-class flares and the monthly sunspot numbers in a cycle, we have done a correlation analysis of the two time series. In order to eliminate the impact that large, active flare-productive regions exert simultaneously to sunspot and flare numbers, we adopted the 13-point smoothed monthly peak fluxes of C-class, Mclass, X-class flares and sunspot numbers to calculate the correlation coefficient and phase relation between them.
The smoothed monthly peak fluxes of C-class, Mclass and X-class flares have positive correlation coefficients with the smoothed monthly sunspot numbers (seen from table 2). The correlation coefficients of Mclass and X-class flares and sunspot numbers are higher in cycle 22 than those in cycles 21 and 23. Furthermore, the correlation coefficients of the smoothed peak fluxes between the three kinds of soft X-ray flares in cycle 22 are higher than those in 21 and 23. The correlation coefficients between the smoothed monthly sunspot numbers and the smoothed monthly peak fluxes of C-class, M-class, and X-class flares can be seen in figure 3 . The abscissa indicates the shift of the smoothed monthly sunspot numbers pertaining to the smoothed monthly peak fluxes of C-class, M-class and X-class flares, with negative values representing backwards shifts. It is found that the monthly peak fluxes of C-class, M-class, and X-class flares have a very noticeable time lag of 13, 8, and 8 months respectively in cycle 21 with respect to sunspot numbers. There is no time lag between the sunspot numbers and M-class flares in cycles 22. However, there is a one-month time lag for C-class flare and a one-month time lead for X-class flare with respect to sunspot numbers in cycle 22. Moreover, the smoothed monthly peak fluxes of C-class, M-class, and X-class flares have a very noticeable time lag of one month, 5 months, and 21 months respectively with respect to the smoothed monthly sunspot numbers in cycle 23. If we take the three types of flares together, there is an obvious time lag of 9 months in cycle 21, no time lag in cycle 22 and a characteristic time lag of 5 months in cycle 23 with respect to sunspot numbers.
Conclusion and Discussion
In this paper, we present a statistical study on three types of soft X-ray flares from May 1976 to May 2008. We use the data of the smoothed monthly peak fluxes of C-class, M-class, and X-class flares and the smoothed monthly sunspot numbers. The main results are as follows:
1. The smoothed monthly peak fluxes of C-class, Mclass, and X-class flares have a very noticeable time lag of 13, 8, and 8 months respectively with respect to the smoothed monthly sunspot numbers in cycle 21.
2. There is a one-month time lag for the smoothed monthly peak fluxes of C-class flares, a one-month time lead for the smoothed monthly peak fluxes of X-class flares and no time lag for the smoothed monthly peak fluxes of M-class flares with respect to the smoothed monthly sunspot numbers in cycle 22.
3. The smoothed monthly peak fluxes of C-class, M-class, and X-class flares have a very noticeable time lag of one month, 5 months, and 21 months in cycle 23 respectively with respect to the smoothed monthly sunspot numbers.
4. If we take the three types of flares together, we find that the soft X-ray flares have an obvious time lag of 9 months in cycle 21, no time lag in cycle 22 and a characteristic time lag of 5 months in cycle 23 with respect to the smoothed monthly sunspot numbers.
5. The correlation coefficients of the smoothed monthly peak fluxes of M-class and X-class flares and the smoothed monthly sunspot numbers are higher in cycle 22 than those in cycles 21 and 23.
6. The correlation coefficients between the three kinds of soft X-ray flares in cycle 22 are higher than those in 21 and 23.
In this paper, we adopted the method developed by Antalová (1996) and used the smoothed monthly peak fluxes of soft X-ray flares. We divided the soft X-ray flares into three groups according to the classification of soft X-ray flare, which is slightly different from Temmer et al. (2003) . When the numbers of flares are multiplied by the peak fluxes, there is a great change in value pertaining to the original flare numbers. From table 1, one can see that the numbers of M-class, X-class flares are small but they have large monthly peak fluxes. The peak fluxes of flares can be approximately taken as the energy released by flares. As M-class and X-class flares have released more energy than that of B-class and Cclass flares, we think that the peak fluxes of flares taken as the flare index may be closer to the energy released by the flares. That is why we used this method to analyze the phase relation.
The activity of the C-class, M-class and X-class flares exhibited an obvious time lag behind sunspot activity in odd-numbered cycles, while in even-numbered cycles M-class flares do not. Also, the C-class and X-class flares show reversed behavior in the even cycle. If we consider the three types of flares together, we find that there is an obvious time lag in the odd solar cycles and no time lag in the even solar cycle. Though different sorts of flares show different time lags or time leads with respect to sunspot numbers, there is a regular time delay in the odd solar cycles and no time delay in the even solar cycle between soft X-ray flares and sunspot numbers after we sum the three types of flares together. The value of summing the monthly peak fluxes of three types of flares approximately denotes the total energy released by flares. These results imply that the flare activities are related to the 22-year magnetic cycle of the Sun. We need forthcoming data to confirm these results and model the process of flare energy storage and dissipative mechanism. 3 Cross-correlation coefficients between the smoothed monthly peak fluxes of C-class (a1-a3), M-class (b1-b3), X-class (c1-c3) flares, the total peak fluxes of the three types of flares (d1-d3) and the smoothed monthly sunspot numbers in cycles 21, 22, and 23. The abscissa indicates the shift of the smoothed monthly sunspot numbers with respect to the smoothed monthly peak fluxes of C-class, M-class, and X-class flares, with negative values representing backwards shifts.
